Fragile X syndrome (FXS), a common inherited form of mental retardation, is caused by the functional absence of the fragile X mental retardation protein (FMRP), an RNA-binding protein that regulates the translation of specific mRNAs at synapses. Altered synaptic plasticity has been described in a mouse FXS model. However, the mechanism by which the loss of FMRP alters synaptic function, and subsequently causes the mental impairment, is unknown. Here, in cultured hippocampal neurons, we used siRNAs against Fmr1 to demonstrate that a reduction of FMRP in dendrites leads to an increase in internalization of the ␣-amino-3-hydroxy-5-methyl-4isoxazole propionic acid receptor (AMPAR) subunit, GluR1, in dendrites. This abnormal AMPAR trafficking was caused by spontaneous action potential-driven network activity without synaptic stimulation by an exogenous agonist and was rescued by 2-methyl-6-phenylethynyl-pyridine (MPEP), an mGluR5specific inverse agonist. Because AMPAR internalization depends on local protein synthesis after mGluR5 stimulation, FMRP, a negative regulator of translation, may be viewed as a counterbalancing signal, wherein the absence of FMRP leads to an apparent excess of mGluR5 signaling in dendrites. Because AMPAR trafficking is a driving process for synaptic plasticity underlying learning and memory, our data suggest that hypersensitive AMPAR internalization in response to excess mGluR signaling may represent a principal cellular defect in FXS, which may be corrected by using mGluR antagonists.
P ersistent changes in synaptic efficacy are caused by signals that affect the trafficking and abundance of ␣-amino-3-hydroxy-5methyl-4-isoxazole propionic acid receptors (AMPARs) at synapses and have been proposed as a synaptic mechanism of learning and memory (1) (2) (3) (4) . Long-term potentiation can be expressed by AMPAR trafficking and insertion into the plasma membrane at synapses, which result in an increase of surface AMPARs (1) (2) (3) (4) . Conversely, long-term depression (LTD) is accompanied by regulated internalization and consequent loss of surface AMPARs (1) (2) (3) (4) . Changes in AMPAR composition have been reported in cognitive disorders such as Alzheimer's disease (5) , schizophrenia (6) , and fragile X syndrome (FXS) (7) and, therefore, have been implicated as a principal cellular mechanism for cognitive impairment. However, it is unknown whether the altered levels of AM-PARs reported in these disorders can be attributed to imbalances in their regulated trafficking to and from synapses, which is a principal mechanism of synaptic plasticity. FXS, the most common form of inherited mental retardation, is caused by the absence of fragile X mental retardation protein (FMRP), an mRNA-binding protein (8) (9) (10) (11) that is present at dendritic spines (12) and appears to regulate local protein synthesis important for synaptic plasticity (9, 10) . Dendritic spine defects have been described in both FXS patients and mouse Fmr1 knockout (KO) models (8) (9) (10) (11) . Presumably, the loss of translational regulation at dendritic spines underlies the cogni-tive impairment in FXS (9, 13) . Because dendritic protein synthesis is required for some types of synaptic plasticity (3, 13) , deficiency of a key translational regulator such as FMRP may lead to impaired synaptic plasticity. Indeed, in Fmr1 KO mice, group I mGluR-dependent LTD (mGluR-LTD), which requires protein synthesis in wild-type mice, is enhanced in hippocampal Schaffer collateral synapses of the CA1 area (14, 15) and in the cerebellar parallel fiber to Purkinje cell synapses (16) . At wild-type synapses, with chemical or electrical stimulation to induce mGluR-LTD, persistent internalization of AMPAR occurs (1, 17, 18) . Thus, a reasonable prediction based on the exaggerated LTD in Fmr1 KO mice is enhanced AMPAR internalization, although altered AMPAR trafficking has not been demonstrated in FXS models. Moreover, because the basal level of synaptic transmission by AMPAR in Fmr1 KO mice is comparable to wild-type mice (14) , the mechanism by which (RS)-3,5-dihydroxyphenylglycine (DHPG) stimulation induces exaggerated LTD in Fmr1 KO mice is not clear. Here we show that there is indeed aberrant AMPAR trafficking in FMRPdeficient dendrites at the basal state without affecting the total amount of surface AMPAR and that this results from excessive mGluR5 signaling.
Results
To test the hypothesis that altered levels of AMPAR internalization are an underlying molecular impairment of FMRP deficiency, we used a well characterized dual-staining method to assess surface receptor trafficking in cultured hippocampal neurons (19) (20) (21) . The major advantage of this approach is that the dynamic trafficking of AMPAR can be visualized and quantified. To validate the assay, mGluR-dependent internalization of AMPARs in wild-type primary rat hippocampal neurons was first examined and quantified by digital image analysis. We detected basal levels of GluR1 internalization in unstimulated wild-type neurons (22) . As expected from previous reports using other staining methods (17, 18) , stimulation of neurons with DHPG, a group I mGluR-specific agonist that is known to induce mGluR-dependent LTD in the hippocampus (13) , induced a clear reduction of surface-labeled GluR1s (Ϸ71% in secondary dendrites) and a corresponding increase in internalized GluR1s ( Fig. 1 A-D) .
A previous report showed that inhibition of DHPG-induced loss of surface GluR1 with cycloheximide (added 15 min before DHPG administration) was detected at 60 min but not at 15 min after DHPG stimulation and led to a conclusion that protein synthesis is required only for determining the fate of internalized receptors, but not for their initial internalization (18) . However, because DHPG-induced mGluR-LTD is translation-dependent throughout early and late phases (13), we next examined whether this GluR1 internalization induced by DHPG is translationdependent. Neurons were preincubated with translation inhibitors of three distinct inhibition mechanisms before DHPG stimulation. Each inhibitor tested (anisomycin, puromycin, or cycloheximide) was effective in blocking the DHPG-induced internalization of GluR1 [ Fig. 1 B-D and supporting information (SI) Fig. 5 ]. We determined that preincubation with cycloheximide for 45 min before DHPG administration blocks receptor internalization immediately after DHPG stimulation, as did as anisomycin and puromycin. In contrast, preincubation with a transcription inhibitor, actinomycin D, did not affect the DHPGinduced GluR1 internalization ( Fig. 1 B-D and SI Fig. 5 ). Thus, our findings demonstrate a novel role for protein synthesis in the early phase of internalization of GluR1 in response to mGluR activation. These data verified that this staining method is able to detect translation-dependent trafficking of GluR1 in live neurons. Surface GluR1 or GluR2, as stained with this method under nonpermeabilized condition, was significantly colocalized with a synaptic marker, Synapsin I-positive puncta ( Fig. 1 E and  F) , thereby demonstrating the specificity of this surface-labeling procedure to stain synaptic AMPARs in live neurons.
Next, to determine the effect of reduced FMRP on AMPAR trafficking, FMRP expression levels were knocked down in the neurons. We designed an siRNA, si-fmr1, specific to the Fmr1 sequence that does not share any homology to other known genes, including the paralogs Fxr1 and Fxr2 ( Fig. 2A ). This siRNA included two nucleotide changes to reduce stability at the 5Ј end of the antisense strand because it normally facilitates the delivery of that strand to the RNA-induced silencing complex and knocks down a target more effectively (23) . Using this approach of siRNA knockdown, as opposed to using cultured neurons from Fmr1 KO mice, allows measurement of the effects of a full gradient of FMRP expression in a population of cells present in a single culture prepared from a single animal. Immunocytochemistry with a monoclonal anti-FMRP antibody verified the marked reduction of FMRP in the dendrites of a majority of neurons transfected with si-fmr1, whereas FMRP levels in cell bodies also were decreased but not lost. The FMRP immunofluorescence (IF) signal was substantially diminished to a background level in Ϸ70% of the dendrites by day 4 after transfection with si-fmr1 as analyzed by quantitative digital image analysis ( Fig. 2B ). In contrast, neurons transfected with control siRNA (si-luc) showed modest variation of FMRP IF signals in the dendrites, compared with untransfected neurons (data not shown).
Using these approaches, we simultaneously stained FMRP, internalized GluR1, and labeled GluR1 remaining on the surface in unstimulated si-luc-or si-fmr1-treated dendrites. Surprisingly, reductions in FMRP seemed to correlate, on a single dendrite level, with increases in internalized GluR1 IF signals and reductions in surface-remaining GluR1 at a basal state in unstimulated dendrites (Fig. 2C ). To further evaluate the correlation of FMRP and GluR1 internalization, IF signals were quantified in individual dendrites. Total labeled GluR1 was determined by combining internalized GluR1 and remaining surface-labeled GluR1. Percentages of internalized GluR1 in total labeled GluR1 (i/t GluR1) in dendrites both in si-luc-and in si-fmr1transfected neurons were plotted together and subjected to piecewise regression analyses, which demonstrated a significant negative correlation between FMRP and i/t GluR1 if FMRP levels were reduced to Ͻ49% of the maximum (Fig. 2D) . We found a similar correlation of reduced FMRP levels with GluR2 internalization (SI Fig. 6 ). Thus, without an exogenously applied agonist, FMRP deficiency directly correlates with AMPAR internalization. These results provide the first link between altered AMPAR trafficking and FXS, a specific form of cognitive deficiency caused by the loss of FMRP. Characteristic features of mGluR-LTD reported in Fmr1 KO hippocampi are that it is not blocked by translation inhibitors (24) and it is enhanced compared with that in wild-type hippocampi (14) . To determine whether the aberrant GluR1 internalization in FMRP-deficient dendrites shares characteristics with the electrophysiology, we applied a translation inhibitor under the same conditions that completely blocked DHPGinduced GluR1 internalization in wild-type dendrites (Fig. 1) . We detected that the aberrant GluR1 internalization in FMRPdeficient dendrites was only partially blocked (Fig. 3A) . In addition, exogenously applied DHPG induced additional GluR1 internalization in the FMRP-deficient dendrites, although it was less robust than that observed in control neurons (Fig. 3B) .
This abnormal AMPAR trafficking occurred in FMRPdeficient dendrites in the absence of an externally applied agonist and may have resulted from spontaneous glutamatergic activation by either quantal release of glutamate or action potential-driven network activity, which do not normally induce AMPAR trafficking in wild-type neurons. Alternatively, the mGluR may be excitable in the absence of glutamate in FMRPdeficient neurons. To dissect the source of glutamate responsible for the aberrant GluR1 internalization, we blocked action potentials with tetrodotoxin and detected complete rescue in the FMRP-deficient dendrites (Fig. 3C ).
Next, we used glutamate receptor antagonists to identify the glutamatergic pathway responsible for the aberrant trafficking of GluR1 in unstimulated FMRP-deficient dendrites. Because the enhanced mGluR-LTD in Fmr1 KO mice has been attributed to enhanced group I mGluR signaling, especially mGluR5 (10), we reasoned that the mGluR5 signaling might be in excess in unstimulated FMRP-deficient dendrites. We applied 2-methyl-6-phenylethynyl-pyridine (MPEP), an mGluR5-specific inverse agonist, which can inhibit not only the agonist-induced activation of mGluR5, but also its constitutive activity (25) , to Fmr1knockdown neurons for 3 days before GluR1 IF evaluation at a concentration that does not affect NMDA receptors. Incubation of the cultured neurons with MPEP led to a significant retention of labeled GluR1 on the surface (Fig. 4A ). Quantification of IF signal intensities of GluR1 and FMRP in individual dendrites further demonstrated that MPEP rescued the abnormal GluR1 internalization in FMRP-deficient dendrites (Fig. 4 B-D) . Because the expression level of FMRP varied between dendrites, as expected ( Fig. 4 B and C) , we used digital image analysis to quantify GluR1 signals in si-fmr1-transfected neurons with the lowest FMRP levels (Fig. 4C) . The same analysis was performed 
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A Si-fmr1 duplex: on an equal number of dendrites from si-luc-transfected neurons (Fig. 4B ) and si-fmr1-transfected, MPEP-treated neurons (Fig.  4D) . As in the previous analysis, the dendrites were sorted by FMRP levels to determine which should be used in the analysis. In Fmr1 knockdown dendrites, the internalized GluR1 was increased (18.2 Ϯ 22.6% in si-luc-transfected dendrites to 42.2 Ϯ 23.2%) (SI Fig. 7 ) compared with si-luc treated-cells, and the remaining surface-labeled GluR1 was reduced (27.8 Ϯ 13.0% to 15.1 Ϯ 5.7%), thus generating an increase in i/t GluR1 (33.5 Ϯ 21.6% to 78.2 Ϯ 5.5%), compared with control dendrites transfected with si-luc (SI Fig. 7) . MPEP treatment rescued the changes in GluR1 localization (internalized, 10.3 Ϯ 6.9%; surface labeled, 33.7 Ϯ 12.8%), giving an i/t GluR1 comparable to the control dendrites (29.5 Ϯ 15.9%) (SI Fig. 7) . The lowest doses of MPEP to generate a complete recovery of i/t GluR1 in Fmr1 knockdown dendrites were 10 M for 3 days or 20 M for 16 h; the effects were the same with doses Յ50 M. In contrast, LY367385, an mGluR1-specific antagonist, had only a modest effect of rescue (data not shown). These data demonstrate that the aberrant internalization of AMPARs in FMRP-deficient dendrites, caused by spontaneous, action potential-driven network activity, results from excessive mGluR5 signaling and that mGluR5 inverse agonists rescue these fundamental consequences of the absence of FMRP.
Discussion
It is well accepted that a driving process for the long-term synaptic plasticity underlying learning and memory involves the dynamic regulation of AMPAR trafficking in and out of the plasma membrane at glutamatergic synapses (1, 4) . We discovered that the dynamic process of AMPAR internalization is negatively regulated by a specific translational regulator, FMRP. FMRP-deficient neurons were characterized by increased levels of internalized GluR1 (33.5-78.2%) as analyzed by using quantitative digital imaging analysis (SI Fig. 7) . Moreover, our analysis of individual dendrites in siRNA-treated cultures revealed that i/t GluR1 correlated with the extent to which FMRP was reduced in a particular dendrite ( Fig. 4 C and D) . The pathological process in FXS has been hypothesized as the mGluR theory of FXS, wherein FMRP is assumed to function as a negative regulator of the mGluR signaling pathway, which normally regulates the local protein synthesis that is crucial for mGluR-LTD and, perhaps, activity-dependent internalization of AMPARs (10) . Our data demonstrate that excessive AMPAR internalization is a direct consequence of FMRP deficiency and provide clear mechanistic evidence in support of this theory, which stems from findings that mGluR-LTD is enhanced in hippocampal slices from Fmr1 KO mice (14) . The aberrant AMPAR trafficking in FMRP-deficient dendrites was predominantly translation-independent (SI Fig. 7 ) and reactive to DHPG, which was apparently occluded because of the exaggerated basal GluR1 internalization (Fig. 3B) . A previous report has shown that bicuculline-induced prolonged epileptiform discharges occur independent of a group I mGluR agonist in Fmr1 KO mice (26) . The increased internalization of AMPAR in FMRP-deficient dendrites at a basal state, reported here, is consistent with this observation and, indeed, suggests that excessive mGluR signaling may underlie the electrophysiological abnormalities in FXS. Thus, altered synaptic plasticity due to persistent AMPAR internalization may be a significant contributor to the well characterized cognitive deficit in FXS. We observed no statistically significant change in total-labeled GluR1, which corresponds to the amount of surface-labeled and internalized GluR1, in FMRP-deficient dendrites (SI Fig. 7D ). This result is in agreement with a previous report that demonstrated no change in membranous GluR1 at hippocampal synapses in Fmr1 KO mice by immunohistochemistry (7) and is consistent with an electrophysiological observation showing no difference in basal synaptic transmission in Fmr1 KO hippocampal slices (14) . However, our results are in apparent conflict with a recent report that demonstrated increased surface GluR1 in hippocampal dendrites in cocultured Fmr1 KO neurons with wild-type neurons by using a different method of staining and quantification (27) . Because our method stains surface-localized GluR1 at the point of antibody labeling in live neurons, newly inserted GluR1 to the membrane after the labeling would not be detectable. To evaluate possible steady-state differences in surface GluR1, we conducted surface GluR1 staining in fixed nonpermeabilized neurons transfected with si-fmr1 and found no statistical correlation of FMRP level and surface-labeled GluR1 (data not shown).
One recent study showed that postsynaptic expression of FMRP reduced the number of functional synapses (27) . Of interest, FMRP mutants with impaired translation regulation were unable to modify these synaptic properties (27) . Together with a report showing reduced association between mGluR5 and Homer protein, which anchors mGluR5 to PSD, in Fmr1 KO mice (28) , it is likely that postsynaptic loss of FMRP-regulated translation leads to exaggerated mGluR5 signaling in dendrites and subsequent defects in AMPAR internalization.
We observed that Ϸ10% of dendrites showed paradoxically higher FMRP levels in neurons transfected with si-fmr1, compared with neurons transfected with control siRNA (Figs. 2B and 4C). Because it was not seen in neurons transfected with si-fmr1 and treated with MPEP ( Fig. 4D ), involvement of mGluR5 signaling is suggested. It has been reported that DHPG induces up-regulation of FMRP (29) and trafficking of FMRP to dendrites (30) in wild-type neurons. Therefore, we assume that enhanced mGluR5 signaling in the loss of FMRP in dendrites causes up-regulation and/or trafficking of FMRP to dendrites from cell body, in which FMRP level remains conserved, resulting in apparently higher FMRP levels in dendrites in a few neurons in which knockdown is relatively inefficient.
One facet of the mGluR theory is that mGluR antagonists should moderate the synaptic activity-induced excessive signaling that follows FMRP loss. In fact, compelling evidence for this notion has been reported. MPEP rescues the bicuculline-induced prolonged epileptiform discharges (26) , as well as audiogenic seizures and open field activity defects (31) in Fmr1 KO mice. Additionally, in the Drosophila model lacking dfmr1, the ortholog of FMR1, drugs that inhibit mGluR signaling, including MPEP, rescue the behavioral phenotypes and abnormal brain structure (32) . Most recently, MPEP also rescued zebrafish phenotypes induced by Fmr1 knockdown (33) . Collectively, these data support the involvement of FMRP in the repression of mGluR signaling and suggest the use of mGluR inverse agonists as a possible therapeutic strategy for FXS. Our study added the importance of antagonizing the mGluR5 signaling pathway in FXS by demonstrating that the defect in FMRP-deficient dendrites is specific to the mGluR5 signaling and does not involve NMDAR-driven AMPAR internalization because APV, an NMDAR antagonist, did not rescue the phenomena (Fig.  3B ). Furthermore, a recent report has shown that, in wild-type hippocampal neurons, mGluR1, but not mGluR5, has a predominant role in DHPG-induced mGluR-LTD and associated reduction of AMPAR from the surface (34) . It is important to emphasize that our data demonstrated that, in FMRP-deficient neurons, the aberrant trafficking of AMPAR was only modestly blocked by an mGluR1-specific antagonist, but was completely rescued by MPEP. Together these data suggest that the pathological mechanism of aberrant AMPAR trafficking in FMRP deficiency is distinct from physiological DHPG-induced AMPAR trafficking and mGluR-LTD, suggesting that selective mGluR5 blockade could correct abnormal phenotype while preserving physiological mGluR1dependent synaptic plasticity in FXS. In light of this finding, our observation of the ability of an mGluR5 inverse agonist to normalize the aberrant AMPAR trafficking in mammalian neurons provides substantial motivation for future therapeutic intervention for FXS. the Akaike Information Criterion (39) . We implemented these models by using SAS software (SAS Institute, Cary, NC).
